Theories on visual awareness claim that predicted stimuli reach awareness faster than unpredicted ones. In the current study, we disentangle whether prior information about the upcoming stimulus affects visual awareness of stimulus location (i.e., individuation) by modulating processing efficiency or threshold setting. Analogous research on stimulus identification revealed that prior information modulates threshold setting. However, as identification and individuation are two functionally and neurally distinct processes, the mechanisms underlying identification cannot simply be extrapolated directly to individuation. The goal of this study was therefore to investigate how individuation is influenced by prior information about the upcoming stimulus. To do so, a drift diffusion model was fitted to estimate the processing efficiency and threshold setting for predicted versus unpredicted stimuli in a cued individuation paradigm. Participants were asked to locate a picture, following a cue that was congruent, incongruent or neutral with respect to the picture's identity. Pictures were individuated faster in the congruent and neutral condition compared to the incongruent condition. In the diffusion model analysis, the processing efficiency was not significantly different across conditions. However, the threshold setting was significantly higher following an incongruent cue compared to both congruent and neutral cues. Our results indicate that predictive information about the upcoming stimulus influences visual awareness by shifting the threshold for individuation rather than by enhancing processing efficiency.
Introduction
Driving through an unfamiliar city, looking for the colleagues you promised to pick up, you might face a challenging visual perception task. Luckily, having some prior (i.e., predictive) knowledge about what your colleagues look like will facilitate becoming aware of them. Indeed, several consciousness theories have proposed mechanisms by which prior information modulates visual awareness. For example, according to Clark (2013) prior information is one of the key aspects to determine which stimuli reach visual awareness and at what speed. While the effect of prior information on visual perception has already been investigated extensively in paradigms that require stimulus identification, it remains unclear how it influences the distinct visual process of stimulus individuation (i.e., the spatial tagging of an object in a visual scene).
The current study investigates whether and how prior information influences visual awareness in individuation.
The influence of prior information on visual perception has typically been investigated in paradigms that require the identification of visual input. In these experiments, participants need to categorize a degraded or masked stimulus (e.g., distinguishing a face from a house picture masked by noise). Predicted stimuli are typically perceived faster and more accurately. In order to gain more insight into the modulations of identification by prior information, formal models such as the drift diffusion model (DDM) and signal detection theory (SDT) have been used to disentangle the underlying mechanisms (for a review, see Mulder, van Maanen, & Forstmann, 2014; Summerfield & de Lange, 2014) . In the DDM (see Fig. 1 ; Ratcliff & Rouder, 1998) , evidence is accumulated at a certain rate (i.e., drift rate) from a starting point toward an upper or lower criterion bound. The distance between the upper and lower bounds is called boundary separation. The total response time is the sum of this evidence accumulation time plus any cognitive processes preceding or following the decision process (i.e., non-decision time). Critically, the parameters of the decision http://dx.doi.org/10.1016/j.visres.2016.03.002 0042-6989/Ó 2016 Elsevier Ltd. All rights reserved.
process (e.g., drift rate, boundary separation and starting point) can be mapped onto distinct mechanisms by which expectations can influence the accumulation process. First, if prior information improves visual processing efficiency. This is reflected in increased drift rate (see Fig. 1a ). Second, prior information can reduce the required amount of accumulated information. This is reflected by the distance between the starting point and decision boundaries henceforth referred to as threshold setting (see Fig. 1b ). Importantly, threshold setting encompasses both starting point placement and boundary separation, although only the latter is relevant in the current experimental paradigm (see below).
Using these and related formal models, a number of studies have investigated how prior information influences stimulus identification. By manipulating the predictability of a shape in a shape discrimination task, Domenech and Dreher (2010) found using the LATER model (Reddi & Carpenter, 2000) that prior information influences threshold setting rather than processing efficiency. A cue predicting the movement direction in a random-dot motion paradigm influenced threshold setting but not processing efficiency (using the DDM: Mulder, Wagenmakers, Ratcliff, Boekel, & Forstmann, 2012 ; using a linear ballistic accumulator model: Forstmann, Brown, Dutilh, Neumann, & Wagenmakers, 2010) . Using the DDM, Dunovan, Tremel, and Wheeler (2014) found that the identification of a house or face masked by noise was influenced by a house or face cue through the modulation of threshold setting. Interestingly, this modulation increased with the reliability of the cue (50, 70 or 90% accuracy) establishing a clear causal link between prior information and threshold setting. By contrast, using SDT Lupyan and Ward (2013) showed that cueing the word 'circle' or 'square' in a shape discrimination paradigm modulated processing efficiency (i.e., d 0 ) but not threshold setting (i.e., response criterion).
The results from these identification paradigms suggest that prior information influences visual awareness by modulating threshold setting. However, visual awareness studies usually require participants to report whether any item was perceived, irrespective of its identity (Baars, 1994; Overgaard & Sandberg, 2012; Sandberg, Timmermans, Overgaard, & Cleeremans, 2010; Sergent & Dehaene, 2004; Tononi & Koch, 2008) . Interestingly, participants can often report where something was seen without knowing what was presented (Ramsøy & Overgaard, 2004) . Similarly, to corroborate awareness reports, participants are commonly asked to report the location of a stimulus (i.e., individuation) rather than its identity (e.g., Yang & Blake, 2012) . Therefore, to investigate how prior information influences visual awareness, it is critical to probe its effect on stimulus individuation. According to the indivi duation-identification theory (Leslie, Xu, Tremoulet, & Scholl, 1998) , the number of objects in a scene (i.e., individuation) and object identity are determined in two separate processes. This idea resonates with theories claiming that spatial information plays a unique role in visual processing, separate from the identification process (Sagi & Julesz, 1984) . This notion is also supported in object file theory (Kahneman, Treisman, & Gibbs, 1992) , where an object file is created based on spatial and temporal information, while its content is determined separately. As the individuation and identification stage are functionally and neurally different (Xu, 2009) , prior information may influence perception via different mechanisms in these two visual processes.
Indirect evidence for distinct mechanisms underlying stimulus identification and individuation comes from the spatial attention literature. First, while object-based attention (crucial for identification) is associated with the ventral processing stream, locationbased attention (crucial for individuation) depends on the dorsal processing stream (Arrington, Carr, Mayer, & Rao, 2000; Chen, 2009; Chou, Yeh, & Chen, 2014) . Second, in stark contrast to the modulation of threshold setting presented above, prior information about the location of the upcoming stimulus has been argued to enhance stimulus identification by increasing processing efficiency (Anton-Erxleben, Smith, Ratcliff, & Wolfgang, 2004 ; however, for an alternative interpretation see Schneider, 2011) . So in similar identification paradigms, location cueing boosts processing efficiency while identity cueing modulates threshold setting. It could be argued that -as locating a stimulus is crucial to individuation -location cueing boosted processing efficiency in the individuation process and not in the identification process. However, this interpretation of the results remains to be tested as an identification task was used rather than an individuation task.
To investigate how prior information affects visual awareness of stimulus location in an individuation paradigm, we developed a cued masking task analogous to the identification studies described above. The picture of a house or a face (i.e., the target) was briefly presented above or below fixation, followed by a masking stimulus. Prior to the target presentation, participants were presented with a house or face cue that predicted the target identity with 80% accuracy, or with a cue that provided no prior information (a question mark). This manipulation generated three trial types: congruent, incongruent and neutral trials. Participants responded as fast and as accurate as possible to the location and not to the identity of the target picture by pressing an upper or lower response button. The visibility of the target picture was tailored to the individuation threshold of the individual participants in a staircase procedure. Furthermore, as the identity cues informed on target identity but were orthogonal to the target location that participants responded to, no motor response could be primed by the cue. Therefore, starting point was restricted to be half the boundary separation. A DDM was fitted to compare drift rate and boundary separation estimates across the three trial types (i.e., congruent, incongruent and neutral trials), revealing how prior information influences individuation by modulating the processing efficiency (drift rate) or the threshold setting (boundary separation).
Method

Participants
Twenty Ghent University students were paid 20 euro for taking part in the current experiment combined with another experiment. The order of the experiments was counterbalanced across subjects and spread across two days. The experiment order and the results of the other experiment did not interact with the current experiment and will not be discussed further. The experiment lasted approximately one hour. All participants (5 male; on average 19 years old with a range of 18-25) had normal or corrected to normal vision. Prior to the experiment they gave their informed consent in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and received a debriefing form afterwards.
Stimuli and material
The stimulus set consisted of ten pictures of Caucasian faces from the Face Database of the Park Aging Mind Laboratory (5 males, age raging from 19 to 79; Minear & Park, 2004) and ten pictures of houses taken from the Scene Understanding Database from the Princeton Vision Group (Xiao, Hays, Ehinger, Oliva, & Torralba, 2010) . The face, house and question mark cue were taken from the website of The Noun Project (www.thenounproject.com; Person designed by Alex Fuller, House designed by OCHA Visual Information Unit, Question designed by Vicons Design). Scrambled versions of the pictures were constructed by dividing the picture in a 7 Â 7 grid and randomizing the location of its 49 cells. All pictures and cues were luminance scaled to the average luminance of all stimuli (mean HSV luminance of 0.62; mean Michelson contrast of 0.97) to avoid additional luminance-based variation in RTs.
The experiment was run on a DELL Latitude E6430 laptop running Windows 7 Professional and an external DELL E2213 screen with a 1680 by 1050 resolution. The refresh rate of the screen was set to 60 Hz. The stimulus presentation was programmed in MATLAB 2013a (Mathworks Inc.) with a Psychtoolbox extension (Brainard, 1997; Pelli, 1997) . Answers were registered through a Cedrus RB-730 response box enhanced with four time-accurate push buttons (Cedrus Corporation, San Pedro, California). Participants were seated at approximately 60 cm from the screen. The display extended over a 41°Â 28°visual angle black background.
Procedure and design
Each trial started with the presentation of the cue (house, face or question mark; 3.8°Â 3.8°visual angle) for two seconds (see Fig. 2a ). Next, a full and a scrambled version of a picture (the targets; 10.5°Â 10.5°visual angle) were presented for 33 ms at opposite sides of the cue (above and below; note that the locations of the cue and pictures show no overlap). Another scrambled version of the same picture (the mask) was subsequently presented at both sides of the cue for 33 ms. Next, an empty display was presented until a response was given. Participants were instructed to respond as fast as possible by pressing the button that matched the location of the full picture. Their right index and middle finger were positioned in corresponding positions on the response box. The trial ended with the feedback message 'correct' or 'wrong' presented for one second.
The experiment started with a practice phase of 60 trials, consisting of 20 neutral and 40 congruent trials. The remaining 600 trials consisted of 200 neutral trials and 400 trials with an informative cue (see Fig. 2b ). Of the 400 informative cue trials, 80% were congruent trials (320 trials) and 20% were incongruent trials (80 trials). There were an equal number of house and face pictures in the congruent, incongruent and neutral trials. The incongruent trials were randomly dispersed across the experiment with the restriction that two incongruent trials were always separated by at least two congruent or neutral trials. The position of the full picture on the screen (top versus bottom) was randomized across all trial types (congruent, incongruent and neutral trials) and picture types (house versus face). Participants were informed that the neutral cues had no predictive value, and that house and face cues would correctly predict the picture type in 80% of the trials.
Accuracy staircase procedure
In order to acquire sufficient error trials for the DDM analysis, the visibility of the target pictures was varied in a staircase procedure such that participants localized the full picture incorrectly in 30% of the trials. The visibility was manipulated on a trial-to-trial basis by varying the luminance of the pictures from 0% (not visible) to 100% (fully visible). If errors remained above 30% when the target pictures were at maximum luminance, the luminance of the masks would subsequently be lowered from 100% to 0%. The luminance of the target pictures and masks started at 50% and 100% respectively. The practice phase allowed the staircase procedure to reach a stable plateau at 30% errors. The staircase procedure was further applied throughout the experiment to sustain the 30% error rate (Busch & VanRullen, 2010; Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010) .
A separate staircase was applied to the house and face picture trials. On each trial the average accuracy was calculated for the preceding ten house trials or ten face trials. When less than seven out of ten houses (faces) were individuated correctly, the luminance on the house (face) trials was increased with one percent. The luminance decreased with one percent when more than seven out of ten individuations were correct. To avoid unnecessary fluctuations in the staircase procedure, the less frequent incongruent trials were not taken into account for calculating this average accuracy. However, the luminance was adjusted on all trials, irrespective of the trial type (congruent, incongruent and neutral trials).
Drift diffusion model
The DDM parameters were estimated using the DMAT toolbox (Vandekerckhove & Tuerlinckx, 2007) running on MATLAB 2013a. The DMAT toolbox allows the estimation of seven parameters (see Fig. 1 ) on a participant level: drift rate, boundary separation, starting point, non-decision time, drift rate variability, starting point variability, and non-decision time variability. The two parameters of interest (drift rate and boundary separation) were estimated separately for the three trial types (congruent, incongruent and neutral trials). In contrast to earlier work (Dunovan et al., 2014; Mulder et al., 2012 ) the cue only informed participants about the identity of the upcoming stimulus. It did not inform on the to-be-reported location. Therefore, the starting point was restricted to half the boundary separation estimates as the cue (or indeed any other information) is unable to bias the starting point toward one or the other boundary when judging the stimulus location. All other parameters (the non-decision time and the three variability parameters) were estimated but not allowed to vary across trial types. The estimation method was set to multinomial likelihood estimation based on percentiles with four percentile bins separated at the 20th, 50th and 80th percentile. The model was fitted for each participant individually, resulting in one drift rate and boundary separation estimate per trial type per participant.
Results
Descriptive statistics
The staircase procedure was successfully applied in all 20 participants. The average number of incorrectly individuated full pictures per participant ranged from 30% to 39% for the houses (mean = 33%, sd = 2.1%) and from 28% to 34% for the faces (mean = 29%, sd = 1.3%).
Trials on which the interval between target pictures and masks exceeded 33 ms due to software slowing were excluded (0.12% of the trials removed because interval lasted for 48 ms). RTs in the individuation task were subjected to a lower cutoff of 200 ms and an upper cutoff of 4000 ms (0.09% and 0.06% of the trials removed respectively). The average RTs per participant ranged from 458 ms to 1266 ms (mean average = 695 ms). The remaining data were entered into the DDM and accuracy analysis; the RT analysis was performed separately for the correct and error trials.
Accuracy and RT analysis
Accuracies were entered into a generalized linear mixed effects model with a random intercept across participants and the trial type as a fixed effects predictor. There was no significant main effect of trial type, v 2 (2, N = 20) = 1.03, p = 0.60 (see Fig. 3a ).
The RTs for the correct and error trials were entered into a separate linear mixed effects model with a random intercept across participants and the trial type as a fixed effects predictor. For the correct RTs, trial type was a significant predictor (average RT for correct congruent, incongruent and neutral trials was 670 ms, At the start of the trial a cue (the icon of a face, house or question mark) is presented for two seconds. Next a full picture and a scrambled version are shown as targets (33 ms), and subsequently masked by another scrambled version (33 ms). An empty display is presented until a response is given, followed by accuracy feedback (1000 ms). The three possible cues can be followed by a picture of a house or a face. The combinations of the cues and target pictures results in three trial types: neutral, congruent and incongruent trials. The number of trials is indicated for each cell of the design.
see Fig. 3b ). Follow-up tests revealed that the RTs on the incongruent trials were significantly slower compared to the congruent and 
DDM analysis
The drift rate and boundary separation estimates were entered into separate linear mixed effects models with a random intercept across participants and the trial type as a fixed effects predictor. There was no significant difference between the drift rate estimates across trial types, v 2 (2, N = 20) = 3.08, p = 0.21 (see Fig. 4a ). Conversely, the boundary separation estimates were predicted significantly by the trial type, v 2 (2, N = 20) = 27.2, p < 0.001 (see Fig. 4b ). Follow-up tests revealed an increased boundary separation in incongruent trials compared to neutral tri- Four validation tests were performed to assess the overall quality of our DDM implementation. First, a quantile probability plot (see Fig. 5 ) demonstrates a good fit between the observed data and the data simulated by our model, with only in the highest quantile a (typical) overestimation of the RTs (Leite & Ratcliff, 2011) . Second, a bottom-up model building approach was used to test whether the model fit of a null model with no conditionspecific parameter estimates (model 1; M1) would significantly benefit from adding a condition-specific estimate for the drift rate (M2), boundary separation (M3) or non-decision time parameter (M4). For each participant separately, all four models were fitted and the deviances of models M2 to M4 were subtracted from the deviance of the null model M1, resulting in a chi-square value with the difference between the number of estimated parameters as the degrees of freedom. A chi-square test across participants revealed that the model fit of M1 was significantly improved by adding condition-specific boundary separation (M3) and non-decision time estimates (M4), but not by adding a condition-specific drift rate (M2; see Table 1 ). Next, we tested whether model M3 could be significantly improved by adding a condition-specific drift rate (M5; the model reported in detail above) or non-decision time estimate (M6). Statistical tests revealed no significantly improved model fits (see Table 1 ). Importantly, in model M6 the nondecision time estimates were not significantly different across con- Only the boundary separation varies significantly across conditions. As a third validation test, the main model was fitted separately for the trials with house and face pictures to control for stimulusspecific effects or artifacts caused by the separate staircase procedure for house and face trials. Both models confirmed our main conclusion. Indeed, boundary separation estimates were higher for the incongruent trials compared to the neutral and congruent trials (all p < 0.001), while the trial type failed to significantly predict drift rate estimates. The fourth and final validation test considered that the estimation could be biased by the unbalanced design (320, 80 and 200 trials in the congruent, incongruent and neutral condition respectively). In a bootstrapping approach, an equal number of trials per picture type and trial type were randomly selected to fit the model and this procedure was repeated fifty times. The drift rate and boundary separation estimates per participant and trial type were subsequently entered in the linear mixed effects model with a random intercept across participants and the trial type as a fixed effects predictor. Confirming the results from the main model, there was no significant difference between the drift rate estimates, v stimulus material, the staircase procedure or the unbalanced design.
Discussion
In a cued individuation paradigm we investigated how visual awareness of location is affected by prior information. The results show that prior information had no impact on the individuation accuracy, but it was highly predictive for the RTs: Stimuli following incongruent cues were individuated slower compared to stimuli following congruent or neutral cues. A drift diffusion analysis revealed that prior information modulates visual awareness by shifting threshold setting (implemented as boundary separation) and not by the modulation of processing efficiency (i.e., drift rate). Thus, when a stimulus is unexpected more evidence needs to be accumulated before the threshold for individuation is reached.
The current study is to our knowledge the first to investigate whether and how prior information modulates performance in an individuation task, the typical measure for visual awareness (Baars, 1994; Sergent & Dehaene, 2004;  for implementations see e.g. research using the continuous flash suppression technique based on Tsuchiya & Koch, 2005) . This is highly relevant as prior information is hypothesized to be one of the key elements that determine which input enters awareness and how fast (Enns & Lleras, 2008; Hohwy, Roepstorff, & Friston, 2008; Kouider, de Gardelle, Sackur, & Dupoux, 2010) . The idea that prior information plays a pivotal role in the transition from unconscious processing to conscious perception has inspired a number of models on sensory awareness and visual awareness more specifically (Grossberg, 1999; King & Dehaene, 2014; Seth, Suzuki, & Critchley, 2011; Thilakarathne, 2015) . In addition, it has spurred multiple lines of empirical research. For example, our actions and their sensory effects -whether visual, auditory or proprioceptive -are highly predictable. Research in this domain has produced valuable insights on how the predictability of proprioceptive and visual input produced by our own actions alters awareness, especially when the input is ambiguous (Desantis, Hughes, & Waszak, 2012; Moore & Haggard, 2008; Salomon, Lim, Herbelin, Hesselmann, & Blanke, 2013; Stenner et al., 2014) . In the current study we add to this literature by demonstrating by what mechanism prior information influences individuation, namely threshold setting.
The modulation of threshold setting in the current individuation task parallels the mechanism by which prior information about the upcoming stimulus influences stimulus identification (Domenech & Dreher, 2010; Dunovan et al., 2014; Forstmann et al., 2010; Mulder et al., 2012) . Importantly, the modulation of threshold setting by identity cueing is measured differently when fitting a DDM to identification or individuation paradigms. Depending on the paradigm, identity cues can alter the required amount of evidence accumulation by influencing either the boundary separation or the starting point parameter (both contributing to the threshold setting; see our discussion on Fig. 1 ). In the identification paradigm, the identity cue is directly relevant for (correlated with) the response options, leading to response priming. In that case, the boundary separation remains fixed and the starting point can be positioned closer to the boundary associated with the predicted identity response (Dunovan et al., 2014; Mulder et al., 2012) . Conversely, in the current identification paradigm the cue is unrelated to the response options, causing no response priming. In this case, the starting point cannot be biased toward one boundary or the other. Instead, the required amount of evidence can be raised by increasing the boundary separation symmetrically. Thus, unlike in identification paradigms, we can exclude the possibility that the observed difference in threshold setting reflects response priming. However, note that by excluding response priming we do not claim that the identity cue had no influence on the response mechanisms involved in the decision process (Schneider, 2011) ; threshold setting is part of the response mechanism.
As discussed in the introduction, the question how prior information influences visual awareness has also been tackled by using location cueing, however still within identification paradigms (Anton-Erxleben et al., 2010; Smith et al., 2004) . Information at cued spatial locations is identified faster and this effect is ascribed to the overlap between the frontoparietal network supporting visual awareness and the parietal orienting system (for a review see Chica & Bartolomeo, 2012) . As individuation and location cueing are both embedded in the dorsal processing stream, we could have investigated how identification is influenced by location cueing rather than identity cueing. However, as consciousness theories mainly focus on how visual awareness is affected by prior information about the identity of an upcoming stimulus rather than prior information about its location (Clark, 2013) , we applied identity cueing to the individuation task. It would be interesting to apply a formal model (e.g., DDM) to disentangle whether location cueing in an individuation paradigm would boost processing efficiency as in the identification paradigms (Anton-Erxleben et al., 2010; Smith et al., 2004) or threshold setting as in the current individuation paradigm. Using SDT, Chica et al. (2011) already demonstrated that location cueing mainly influences processing efficiency (i.e., d 0 ). However, also some effects on threshold setting (i.e., response criterion) were observed. Using DDM, future research could expound upon these results by clarifying under what conditions location cueing can influence threshold setting in individuation paradigms. Now that we have identified threshold setting as crucial in individuation, we can speculate about its neural basis. Whereas drift rate is associated with processing efficiency mechanisms such as neural gain and the tuning of response curves (Isaacson & Scanziani, 2011; Kok, Jehee, & de Lange, 2012; Liu, Larsson, & Carrasco, 2007; Martinez-Trujillo & Treue, 2004) , shifts in threshold setting have been linked to altered baseline activation in regions coding for the predicted stimulus feature (Giesbrecht, Weissman, Woldorff, & Mangun, 2006; Langner et al., 2011; Macaluso, Eimer, Frith, & Driver, 2003) . In the current study, face and house cues might trigger increased baseline activity in respectively the fusiform face area (FFA) and the parahippocampal place area (PPA). We propose that this boosted activity in relevant cortical areas will facilitate resonance with the parietal individuation areas (for a similar influence of stimulus-driven ventral processes on dorsal processes, see Macaluso & Doricchi, 2013) . Correspondingly, Summerfield and colleagues demonstrated how increased baseline activation in FFA can cause a house to be misperceived as a face, activating the frontoparietal network for awareness (Summerfield, Egner, Mangels, & Hirsch, 2006) . Functionally, this would lead to a lower threshold in the individuation process. Similarly, in our analysis lower thresholds were observed for the congruent trials compared to the incongruent trials, which would lead to faster but more error-prone stimulus individuation on congruent trials. Although no significant difference in error rate was found in the current paradigm higher error rates on congruent trials are possible. The latter could occur because the (taskirrelevant) target identity is quickly processed in the congruent condition, with the (task-relevant) target location processing lagging behind, potentially resulting in premature and incorrect localization responses. The exact neural basis of such a process remains to be studied. Interestingly, our study and those outlined above lay out the empirical restrictions necessary for constructing more detailed neural models on how prior information influences visual awareness.
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